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Reference: WAC/139/013

1. SUMMARY

The isothermal microcalorimeter described by Stott (8) has been
constructed and used to measure the rate of heat generation in a sample
of composite modified, cast double-base propellant between T0° and 80°C.
The results are used to calculate critical charge radii for the
gspontaneous self-ignition of this composition.

2. INTRODUCTION

* The hazards associated with the storage and manufacture of
propellants consist of their liability to undergo spontaneous self-
heating to ignition.X In the case of gun propellants in the form of
relatively small grains and in which the total quantity of material in a
single container is also small, the risk of ignition in storage is
minute, and actual incidents of this kind are made extremely rare by the
well established surveillance procedures. Whilst fires do occur
occasionally during the manufacture of gun propellants, these are
usually associated with specific operations such as pressing or rolling
in which the material is subjected to considerable mechanical stresses,
so that such fires are not strictly to be regarded as '"spontaneous".

The situation is otherwise for large rocket propellant charges both
in manufacture and in storage. Here, double-base compositions made by
the casting process are usually subjected to a curing procedure carried
out by heating to 60°C for a number of days. Under these conditions
some decomposition of the propellant is to be expected and, if this is
sufficiently exothermal, may give rise to significant self-heating which
may lead to ignition of the charge. Similarly, the normal storage of
rocket motor charges may cause a similar hazard particularly since the
periodic surveillance of such stores is much less easy than for gun
propellants.

“The problem of determining the liability to self-ignition of
materials capable of decomposing exothermally has been tackled
theoretically by a number of workers. Qualitatively, if the heat
produced by decomposition can be conducted away faster than it is
generated, an equilibrium state is set up and no ignition occurs, but, if
heat dissipation is less than generation, the temperature of the mass
must increase continuously with a consequent acceleration of the
decomposition reactions and ultimate ignition of the system. The thermal
balance is determined for a given substance by its geometry, and the
problem reduces to solving the heat conduction equations to determine the
maximum size for which a steady state is just possible. X%

The mathematical treatment of the effect was first given by
Frank-Kamenetsky (1) for the case of a semi-infinite slab of propellant,
and it has been extended to the infinite solid cylinder and to the
sphere by Chambré (2), whilst Enig (3) has presented a solution
applicable to the hollow cylinder. The latter geometry most closely
approaches that of a rocket motor charge. Since an adequate review
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///and exposition of the treatment is available (4) it will not be repeated
here in full. A1l that is required for the present purpose is a
statement of the basic postulates together with the final solution for
the critical conditions for ignition.

—[:For a solid cylinder of propellant of radius b the heat generated
per unit mass at any point is given by

dH =B
= A exp <RT) . ceees 1
E = energy of activation for the heat generation reaction and
A = Arrhenius factor in units of cal/g.sec.
The general heat conduction equation is:
pedl _ ¢ op _ ]
{ at Kv°T = pAexp (RT ceses 2

where p = density, ¢ = specific heat, and K = thermal conductivity.

In 2, the first term on the left hand side represents the self-
heating of the mass with time, whilst the second term expresses the heat
losses occurring by conduction through the mass to the external surface
which is assumed to be held at a constant temperature T, . For a steady

b
state, %% = O so that for an infinite cylindrical charge 2 becomes:
| 42 1 df} E
o Gl 14l =
a;;- - drg + pA exp (RT) =4 0 cesee 3

The maximum radius b for which a solution of 3 is just possible can be
shown (4)to be:

2K .RT 2 E
b2 - = b exp <__>
pA E RT'b ee e e i

The numerical evaluation of 4 requires a knowledge of the physical
and chemical properties of the propellant. In particular, the activa-
tion energy E of the heat-generation reaction is the most important
factor since it is involved in the exponential term. Both the
Arrhenius factors A and E in 1 may in principle be determined by
measuring the rate of heat evolution from a propellant over a range of
temperaturé} but such measurements are, as yet, sparse. Jackson (5)
in the period 1920 - 1930 used an isothermal microcalorimeter to
measure dH/dt for a wide range of propellants and their ingredients, but

/he cvees
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he did not investigate systematically the variation with temperature.
From the few measurements he did make, Darwell (4) has calculated A and
E to be 1.85 x 10'7 and 36.2 kcal., respectively, for propellant SC
between 80° and 110°C.

More recently Loftus and Gross (6) have developed an adiabatic
method to measure the variation of dH/dt with temperature. For three
unspecified propellants these workers give A-values ranging from
1.17 x 10" to 1.56 x 1029 and E~values varying from 28.6 to 49.3
kcal/mole at an average temperature of the order of 190°C. This
technique is relatively insensitive and can detect self-heating only at
temperatures not far below the ignition point and considerably higher
than those encountered during manufacture or storage. The results
obtained may therefore not be relevant to practical problems. This
view is supported by some Dutch work using a similar experimental
technique (7).

In general, the rates of heat generation in propellants in the
realistic temperature range of 20° - 100°C are very low, and their
experimental determination is difficult. A review of available
methods suggested that the type of isothermal microcalorimeter
described by Stott (8) might be suitable for the purpose. It was
designed to measure the rate of heat evolution from coal undergoing slow
oxidation at ordinary temperatures. The following is an account of the
construction and behaviour of such a calorimeter when applied to the
evaluation of the self-heating parameters of a sample of composite
modified, cast double—~base propellant. This material was chosen for
study because it is known from other work (9) that it shows an unusually
large tendency to self-ignition in the standard 80°C Silvered Vessel
test. The results obtained have been used in equation 4 above to
calculate critical charge radii for various storage temperatures.

3. EXPERIMENTAL

3.1 Theoretical Prinoiples

In the calorimeter described by Stott (loc. cit.), the heat
generated by a reacting solid is made to flow down a large number of
thermocouples embedded in the sample to be dissipated in a constant
temperature heat sink in contact with the cold junctions. The couples
are connected in series with one another and with a sensitive galvano-
meter. .Foriacoonstant rate of heat generation a steady state is
eventually established when it can be shown that the galvanometer
deflection is proportional to the rate of heat generation in the sample.
For a galvanometer of a given resistance and sensitivity Stott shows how
to calculate the number of couples required to give maximum sensitivity
to heat flow. The sensitivity S, defined as the deflection produced by
unit flow of heat; is given by:

n
I
ol

L nCG(Rg)%/{H[ﬁg + ﬁ?(k1 i zkz)(r1 + rz/zji} RIS -

i

/where cesae
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where:

n = number of couplesy C = thermal e.m.f. per degC; G = galvanometer
constant; Rg = galvanometer resistance; k; and k, = thermal
conductivity of the couple wiresy 1, and r, = specific resistance of
the wiresy 2z = ratio of the diameters of the wires; H is the heat
transfer coefficient of the thermocouple system defined by

in which a and 1 are the cross~sectional area and length of one of the
wires of the couple. Stott's instrument contained 100 copper/constantan
couples of 40 s.we.g., and with the particular galvanometer used had a
calculated sensitivity of 10 mm/cal.hr. In practice not all the heat
generated flows down the couple wires to the sink, some being lost in
other ways, so that an actual sensitivity of only 2.5 mm/cal.hr. was
observed, corresponding to an efficiency of 25 per cent.

a2 The Calorimeter

The present calorimeter was designed for a Tinsley Type 4789 moving
coil galvanometer of resistance 16 ohms and a sensitivity of 1500 mm/
microamp. One hundred chromel/alumel (T1/T2) thermocouples of 30 s.w.g.
were used, the length between the hot and cold junction being about 1 cm.
This gave a heat transfer coefficient H of 1.23 x 16 cal/sec.deg G
and a calculated sensitivity of 4.56 x 10° mm/cal.hr.

The construction is shown in Fig. 1. The sample holder consists of
a cylindrical vacuum—-jacketted glass tube (A) 10 cm. in length by 2 cm.
internal diameter. The thermocouples were formed into two sets of 50
(B) to be inserted one into each end of the sample tube. The cold
junctions were fixed with shellac to the face of a brass block (C)
provided with a broad flange. The whole was clamped together by the
rods (E), and liquid tightness was ensured by synthetic rubber rings
(D)« The two sets of thermocouples were conmnected in series and the
leads to the galvanometer emerged through the tubes (F).

The thermocouple units were constructed as shown in Fig. 2. The
required number of pieces of T1 and T2 wire were clamped in a jig and
the junctions formed by twisting the ends together using a pin vice.
After cutting to equal lengths of 3 cm. for the hot and 0.5 cm. for the
cold, the junctions were silver soldered, and the whole assembly removed
from the jig. A strip of asbestos paper (A) was stuck to each side as
shown, and the element was then rolled up into a tight spiral to give
the required cylindrical form. As mentioned above, the cold junctions
were fixed to the brass blocks (C) in Fig. 1 using shellac, with a thin
disc of mica paper interposed. A compromise was necessary here since
the junctions require to be in good thermal contact with the heat sink
but must be insulated electrically from it.

/After ceoaa
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After filling with the sample, the calorimeter was clamped together
and placed inside a large Dewar vessel filled with water and closed by a
thick rubber bung through which the tubes F projected. The whole was
immersed in a water bath whose temperature was controlled to
$0.01 deg.C. To hasten the attainment of thermal equilibrium inside the
Dewar vessel, water from the main bath was circulated through it by an
externul pump, which was turned off when the temperatures became equal.

BYE ) Calibration

Since the theoretical sensitivity to heat flow of 4.56 x 103 mm/
cal.hr. was unlikely to be achieved in practice, the calorimeter was
calibrated electrically. A small coil of nichrome wire of resistance
4.00 ohms was placed in the space (G) (Fig. 1), and connected to an
external circuit containing a battery, a milliameter and a variable
resistance. The deflection of the galvanometer connected to the thermo-
couple elements was measured at a number of different power inputs to the
heating coil. In general about 15 - 20 minutes were required for a
gsteady state to be reached within the calorimeter. The results are
plotted in Fig. 3 as the deflection in mm. against the power dissipation
in calories/hour, and lie on a good straight line. The line does not
pass quite through the origin suggesting that a small parasitic e.m.f.
is present in the thermocouple circuit. The slope of the least squares
straight line through these points gives a sensitivity of 1754 mm/
cal.hr., so that the calorimeter has an efficiency of about 40 per cent.

S Measurements of Heat Generation in Propellants

In spite of all precautions it was found that the galvanometer
tended to oscillate with time, sometimes over a range of 20 - 30 mm., with
the calorimeter empty. This effect was due to the cyclic temperature
variations of the thermostat bath being communicated, with reduced
amplitude, through the Dewar vessel to the brass blocks forming the cold-
Jjunction heat sinks. The measurements were therefore made on a
statistical basis. First, a series of some 40 - 60 readings of the
galvanometer were made with the calorimeter filled with an inert
reference material consisting of coarse dried sand. The mean deflection
and 95 per cent confidence limits were calculated. This was then
repeated with the propellant sample. The latter was ground to 36 mesh
and weighed into the calorimeter which held 6.5 g. The new mean
deflection of the galvanometer and its deviation from that of the blank
experiment were obtained and the latter used with the calibration curve
to find the rate of heat generation. Usually, 12 hours were required to
establish thermal equilibrium and the readings were continued for several
days.

4. RESULTS
lleasurements of the rate of heat generation were carried out on a

sample of propellant CPA.2831 with the following composition:

/Nitrocellulose e

_5_
CONFIDENTIAL/DISCREET




CONFIDENTIAL/DISCREET

Nitrocellulose (12.67N) 27.8 per cent
Nitroglycerine 32.4 iy

Triacetin T<5 L

Ammonium perchlorate 31.1 Ar
2-nitrodiphenylamine 1.2 L

Graphite glaze 0.03 e (added)

Measurements were begun at SOOC, but there was no detectable heat
evolution at this temperature, and it was found that 70°C was the lowest
temperature that could be used to provide a measurable result.
Accordingly, the rates of heat generation were measured at 2.5 deg.C
intervals from 70° to 80°C, and the results are given in Table 1, and
are plotted in Fig. 4 which shows the 95 per cent confidence limits for
each point.

TABLE 1
Tempegature, Heat Evolution,
C cal/g.sec.
70.0 1.61 = 107
72.5 3.42 x 107"
75.0 9.83 x 107"
17.5 2.57 x 10°°
80.0 7.83 x 10”°

LThe rate of heat generation rises steeply with increasing
temperature, and when plotted in the usual Arrhenius form as ln(dH/dt)
against 1/T a reasonably good straight line is obtained (Fig. 5). By
the least squares treatment this plot gives the following results for
the kinetic parameters in equation 13

=
1]

9.40 & 10* cal/mol2/mo.-

.
I

9.70 % 1052 cal/g.sec.

This value of 94 kcal/mole for the energy of activation of the heat
generation process in this composition is considerably higher than is
found for propellants in general: the values usually lie between 30 and
50 kcal/mole. It is, however, not inconsistent with the behaviour of
colloidal propellants containing ammonium perchlorate. These

/compositions cecee
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compositions have short lives compared with conventional propellants,
and when subjected to the Silvered Vessel test at 80°C tend to ignite
very soon after the initial onset of self-heating, which suggests that
the decomposition reactions have an abnormally large temperature
coefficient. However, it must be borne in mind that owing to the
limited temperature range over which the measurements were carried out,
E is rather sensitive to experimental error. In view of the long
extrapclation involved any such errcr in E results in a dispro-
portionately large change in the value of the pre—-exponential factor A.

5 CALCULATION OF CRITICAL CHARGE RADII: CONCLUSIONS

_The above values of A and E were used to calculate the critical
radii for spontaneous self-ignition of composition CPA 2831: the
critical radius is given by:

2 2K R, 2
b = boxp(RT s s 00 i

pA E b

E = 9.40 x 10* cal/mole

A = 9.70 x 1052 cal/g.sec.

p = 1.670 gful.

K = 4.85 x 10~ ca,l.sec.-1cm.-4d.eg.-1
R = 1.987 cal/mole

Table 2 (p. 8) gives the calculated values of b for various values of
the storage temperature Tbﬂ

The fourth column of the tables gives the results calculated by Darwell
(4) using Jackson's (5) thermal data for propellant SC.

Tt is seen that at 80°C the critical radii are approximately the
same for the two compositions but owing to the larger temperature
coefficient of reaction for CPA 2831 its critical radii increase much
more rapidly at lower temperatures and decrease more rapidly at higher
temperatures. This, of course, assumes that the kinetic parameters
are valid over the range of temperature considered in Table 2.

The above results apply to a solid cylindrical charge of infinite
length. For a hollow finite cylinder the critical radii would be
appreciably larger at each temperature. At the normal charge curing
temperatures of around 60°C, the critical size is about 10 metres radius
which would seem to give a very adequate margin of safety for the
charges at present in use or envisaged.

JTABLE 2 .....
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TABLE 2
5 6 o b, cm.
R CPA 2831 sC
293 20 1.32 x 107 =
303 30 9.50 x 105 =
313 40 847 = ¥ 6.26 x 10?
328 50 8.0z 40° 2.62 x 10?
333 60 9.23: = 102 1.6 'z 167
343 70 1.21 x 10 | 53.8
353 80 17.6 2641
363 90 2.84 13.2
375 100 0.51 6.91
383 110 | (0.10 3.75
393 120 2.13 x 1072 | "2.10
403 130 4.90 x 10°° | 1.21
413 140 .22 x 10" -
423 150 3.21 x 107" = |

It should be pointed out that the theoretical treatments, on which
critical size calculations are based, contain the assumption that the
chemical decomposition reactions occurring at a given temperature do not
change in rate or character with time. This is unlikely to be true,
since the accumulation of decomposition products generally exerts a
positive catalytic influence on the rate of the primary reactions. It
follows therefore that a charge which is below the critical size for
a particular environment may pass ov.r to a non-steady thermal condition
after long times of storage when extensive deterioration has taken
place, and it is clear that some form of chemical surveillance of such
a charge is still necessary as a final assurance against ignition
hazards;.

In conclusion, it is clear that further work is required to develop
yet more sensitive and accurate techniques for the measurement of the
rates of heat generation at temperatures still nearer to those of
actual storage.

HEw,  seman
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